Cleft lip with or without cleft palate ranks as one of the most common congenital conditions in humans, with a worldwide incidence of approximately 1 in 700 live births (Croen et al., 1998; Tolarova and Cervenka, 1998) . The primary palate develops as facial prominences enlarge around the nasal pits and merge to form the premaxillary region. This gives rise to the future upper lip, alveolus and hard palate, anterior to the incisive foramen. In humans, abnormal development of the primary palate results in clefting of the upper lip, while the midline of the upper lip, or philtrum, remains intact. It is important to recognize that congenital cleft lip and clefting of the lip and palate are related conditions and designated CL/ P, while isolated cleft palate, CPO, should be considered a different condition. While clefts of the secondary palate occur quite frequently in transgenic or knockout mouse embryos, isolated cleft lip is very rare (Lohnes et al., 1994; Zhang et al., 1996; Francis-West et al., 1998; Beverdam et al., 2001 ). This observation in mice, together with the fact that CL/P has a different ethnic incidence in humans, contrasting with CPO, further supports the idea that different genes likely contribute to the development of CL/P and CPO.
Introduction
Cleft lip with or without cleft palate ranks as one of the most common congenital conditions in humans, with a worldwide incidence of approximately 1 in 700 live births (Croen et al., 1998; Tolarova and Cervenka, 1998) . The primary palate develops as facial prominences enlarge around the nasal pits and merge to form the premaxillary region. This gives rise to the future upper lip, alveolus and hard palate, anterior to the incisive foramen. In humans, abnormal development of the primary palate results in clefting of the upper lip, while the midline of the upper lip, or philtrum, remains intact. It is important to recognize that congenital cleft lip and clefting of the lip and palate are related conditions and designated CL/ P, while isolated cleft palate, CPO, should be considered a different condition. While clefts of the secondary palate occur quite frequently in transgenic or knockout mouse embryos, isolated cleft lip is very rare (Lohnes et al., 1994; Zhang et al., 1996; Francis-West et al., 1998; Beverdam et al., 2001 ). This observation in mice, together with the fact that CL/P has a different ethnic incidence in humans, contrasting with CPO, further supports the idea that different genes likely contribute to the development of CL/P and CPO.
Upper lip formation begins around embryonic day 9 (E9.0) in the mouse, 24 days in humans and is complete by E12.5 (37 days in humans) . Initially, the primitive mouth (stomodeum) is bound by five separate prominences, the frontonasal prominence (FNP) superiorly, a pair of maxillary processes (MAX) laterally and a pair of mandibular processes (MAN) inferiorly rise to the medial and lateral nasal processes (MNP and LNP, respectively) bilaterally, which bulge around the nasal placodes, forming the nasal pits. Fusion between the MNP with the LNP and MAX begins. As the MAX and MNP continue to grow, the LNP gets displaced rostrally, allowing the MNP and MAX to come into exclusive contact. At this stage, scanning electron microscopy images of the cynomolgus monkey embryo show active fusion between the LNP and MNP and MNP and MAX, respectively (Senders et al., 2003) .
While it is apparent that the final upper lip consists of the fusion between the MAX and MNP, there exists some controversy regarding the role of the lateral nasal processes. Importantly, a microsurgical study of rats found that when each process was removed unilaterally in turn, only removal of the medial nasal process resulted in cleft lip on the operated side (Ohbayashi and Eto, 1986) . This indicated that the prior fusion between the LNP and MNP was not a prerequisite for MNP-MAX fusion.
Nestin is an intermediate filament protein, first identified in neuroepithelial precursor cells of the rat. Nestin-Cre (NesCre) transgenic mice, which express the Cre recombinase under the control of the rat Nestin promoter and intron 2 enhancer, were generated recently (Dubois et al., 2006) . In Fgf8/ Nes-Cre embryos it has been shown that Cre-mediated recombination first occurred in the cranial surface ectoderm at around E7.75 (Trumpp et al., 1999) . By E9.0, strong activity was detected in the surface ectoderm, particularly that covering branchial arch 1, with a sharp caudal limit at the level of the first pharyngeal groove. Conversely, a more recent study found that Nes-Cre transgene directed Cre activity in the maxillary process mesenchyme, as well as the oral and dental epithelium, epithelium of the medial and lateral nasal processes, between E10.5 and E11.5 (Liu et al., 2005) . This latter study therefore refuted an ectoderm-exclusive recombination.
Together with their receptors, members of the Tgf-b family are expressed in the developing facial primordia in a temporally and spatially restricted manner (Dewulf et al., 1995; Roelen et al., 1997) . In the past decade, Tgf-b1, b2 and b3 have received particular attention in two areas of craniofacial development, cranial neural crest development/migration and formation of the secondary palate (Chai et al., 2003; Dudas and Kaartinen, 2005; Chai and Maxson, 2006) . However, knowledge on the role of Tgf-b signaling in upper lip formation remains limited. Tgf-b ligands signal via a heterotetrameric receptor complex composed of two Tgf-b type II (TgfbRII) receptors and two Tgf-b type I receptors (Alk5) (Feng and Derynck, 2005) . The most established downstream signaling pathway, termed 'canonical' involves the sequential phosphorylation of Smad proteins. Alternative 'non-canonical' pathways also exist (Massague and Gomis, 2006) . In our laboratory, we previously reported that Tgf-b3-dependent palatogenesis signals through the Alk5/Smad pathway (Dudas et al., 2004) . More recently, we reported a midline facial cleft in Alk5/Wnt-1-Cre mice, which lack Alk5 in neural crest cells (Dudas et al., 2006) . Interestingly, conditional inactivation of another member of the Tgf-b family, Bmp4, using the NesCre transgenic line, was reported to have isolated cleft lip (Liu et al., 2005) .To date, only a handful of mouse mutations are known to cause CLP (Juriloff and Harris, 2008 ) and these include: Dancer (Dc) (Deol and Lane, 1966) , Twirler (Lyon, 1958; Gong et al., 2000) , Brachyphalangy (Johnson, 1969 ) legless (McNeish et al., 1988 and most recently, Wnt9 À/À mouse (Carroll et al., 2005) . In homozygous mutants of Dc and Twirler, there is an almost complete penetrance of CL/P, and they are thought to result from spontaneous mutations in unknown genes (Lyon, 1958; Deol and Lane, 1966; Gong et al., 2000) . Most recently, it has been reported that CL/P in Dc mutant mice may be the result of gain of function of the Tbx10 gene (Bush et al., 2004) . In this study, we demonstrate that Nes-Cre-directed recombination occurs in the mesenchyme of the maxillary processes (Liu et al., 2005; Sclafani et al., 2006) , as well as tissue of ectodermal origin, (Trumpp et al., 1999) . Of interest, Alk5/ Nes-Cre mice were found to have incompletely penetrant unilateral or bilateral cleft lip. Increased cell death seen in the medial nasal process (MNP) and the maxillary process at E9.5-E11, may explain the observed hypoplastic maxillary processes and the reduced contact between them and the MNP. Consequently, this inadequate contact leads to abnormal upper lip fusion. These mice also display retarded development of palatal shelves and die at E15. Our findings provide evidence of a role for Tgf-b type I receptor Alk5 in upper lip formation not previously reported.
2.
Results and discussion 2.1. Nes-Cre-induced recombination occurs in the ectoderm and mesenchyme Direct study of the role of Alk5 in craniofacial development has been difficult due to early lethality of conventional Alk5 knockout mice (Larsson et al., 2001 ). The Nes-Cre line has been used recently to study the role of several genes in craniofacial (Trumpp et al., 1999; Sclafani et al., 2006) and, more specifically, upper lip development (Liu et al., 2005) . Using the NesCre line, Cre-recombination has been reported as having either an ectoderm-restricted, or ectoderm and mesenchymal pattern. (Liu et al., 2005; Sclafani et al., 2006) . Our analyses demonstrated that Nes-Cre-directed recombination occurred in the mesenchyme of the maxillary processes (Liu et al., 2005; Sclafani et al., 2006) , as well as tissue of ectodermal origin (Trumpp et al., 1999) 
Deletion of Alk5 in the mesenchyme and ectoderm of the maxillary process results in cleft lip
Having established Cre-recombination in both the mesenchyme and ectoderm of the maxillary process, as well as the ectoderm of the nasal pit, we were interested to know the role of Tgf-b signaling in these cell types, during craniofacial development. Previously, we showed that Alk5/K14-Cre mutant mice (ectoderm-specific recombination) demonstrated a posterior cleft palate, while Alk5/Wnt-1-Cre mutant mice (specific to cranial neural crest cells) had a cleft snout (Dudas et al., 2006) . Here we show that Alk5/Nes-Cre mice suffer from unilateral, or occasionally, bilateral cleft lip ( Fig. 1B and C) . The overall penetrance of CL in Alk5/Nes-Cre mutants was 64% (n = 11). Histological analysis showed that the cleft lip extended into the nostril (Fig. 1G ) In addition, it was noted that mutants also had delayed development of palatal shelves at E13.5. At this stage, palatal shelves of the control can be seen in the vertical phase of development, prior to elevating and assuming a horizontal orientation ( Fig. 1E and F) . Conversely, in mutants, the palatal shelves were rudimentary (marked by asterisks in Fig. 1H and I). Since mutants did not survive beyond E15, it is not possible to confirm the presence of cleft palate, but the impaired development indicates that secondary palate fusion would be extremely unlikely.
2.3.
Alk5/Nes-Cre mutants have altered gene expression of Bmp4 and Shh
To allow further insight into the possible downstream signaling changes in Alk5/Nes-Cre mutants that could lead to cleft lip formation, we performed whole mount in situ hybridization (ISH) to see the expression of likely candidate genes.
Bmp4 is a member of the Tgf-b superfamily and highly expressed at the edge epithelium at the point of fusion between MNP and MAX, at E10.5 (Liu et al., 2005) . Most recently, Liu et al. reported an isolated cleft lip phenotype in Bmp4/Nes-Cre mice (Liu et al., 2005) . We found that Bmp4 expression was reduced in Alk5/Nes-Cre mutants, at stage E10 ( Fig. 2B and D) compared with control littermates ( Fig. 2A and C) . This finding was consistent in five mutants, collected from three different litters. At E12, the morphological difference was clear, with the Alk5/Nes-Cre mutants (Fig. 2H ) displaying incomplete fusion of the MNP and MAX (asterisk), compared with controls, (Fig. 2G) as well as decreased expression in the whisker follicles (Fig. 2F) . At this late stage, however, the latter may reflect a consequence of altered lip fusion rather than a cause.
Sonic hedgehog (Shh) is another established participant in craniofacial morphogenesis (Hu and Helms, 1999) , and lip fusion. In chicks, disruption of Shh signaling in the frontonasal or maxillary process leads to facial clefting, analogous to human cleft lip (Hu and Helms, 1999) . Furthermore, Bmp4 has been shown to act upstream of Shh in palatal mesenchyme during palatogenesis (Zhang et al., 2002) . At E10 (Fig. 3B and D) and E11 ( Fig. 3F and H) , we found that Alk5/Nes-Cre mutant embryos had diminished Shh expression over the maxillary and mandibular processes. In each case, this was observed in four different mutants from three separate litters. In addition, from E11 onwards, it is apparent that Alk5/Nes-Cre mutants shows incomplete lip fusion on the left side (asterisks in Fig. 3H and J). By E12, when controls (Fig. 3I ) have completed upper lip fusion, Alk5/Nes-Cre mutants (Fig. 3J) clearly have incomplete fusion of the medial nasal process with both lateral and maxillary process. Interestingly, a punctate intense area of Shh expression (long arrow in Fig. 3J ) was consistently seen on the distal tip of the un-fused lateral nasal process.
In avian lip fusion, noggin-soaked beads placed in the mesenchyme of the frontonasal mass and maxillary prominence to block Bmp signaling also lead to altered Shh expression (Ashique et al., 2002) . In the frontonasal mass, reduced Bmp signaling resulted in increased Fgf8 expression and ectopic Shh expression. Similarly, in the maxillary prominence, increased and prolonged Shh expression led to enhanced epithelial survival, and cleft lip. The observed intense area of Shh expression in Alk5/Nes-Cre mutants could represent ectopic expression as described in noggin-induced cleft lip model in chicks (Helms et al., 1997) . Another possibility is that reduced Bmp4 activity in Alk5/Nes-Cre mutant embryos at an earlier developmental stage led to failure of the normal downregulation of Shh expression, that occurs in the epithelium of the medial maxillary prominence, at the onset of lip fusion (Helms et al., 1997) .
Aside from the differences noted above, Alk5/Nes-Cre mutants appear to have normal expression of other key genes involved in lip fusion. Liu et al. suggest that the cleft lip phenotype in Bmp4/Nes-Cre mice may be mediated through reduced expression of transcription factor p63 in the fusing epithelial edge (Liu et al., 2005) . Initially, Alk5/Nes-Cre mutants appeared to have slightly reduced expression of p63 at E10 and E11 (see Supplementary data, Fig. 2B and D) . However, on closer inspection of five mutants from two different litters, this reduction is more likely a reflection of altered morphology of Alk5/Nes-Cre mutants, specifically, hypoplasia of the maxillary process. Similarly, Fgf8 (Trumpp et al., 1999) expression appeared to have a more restricted expression pattern in Alk5/Nes-Cre mutants, due to the morphological difference (see Fig. 4P and R). By E11, while the medial nasal processes of controls were in contact with the LNP/MAX, there was a very noticeable gap in the equivalent area of Alk5/Nes-Cre mutants (Fig. 4V) . Furthermore, in these mutants, Fgf8 expression could be seen along the edge of the distal tips of un-fused medial nasal processes.
We also examined the expression of Msx1 and Msx2, established downstream transcription factors of the Tgf-b/BMP pathway (Bei and Maas, 1998) . Msx1 and Msx2 double knockout mice have bilateral cleft lip and palate, with defective fusion between all three facial processes (Ishii et al., 2005) . While Alk5/Nes-Cre mutants had normal expression of Msx1 (Fig. 4B, D and F) , there was a slight reduction of Msx2 (Fig.  4H and J) at E10 stage. This was a consistent finding in four different mutants from three individual litters. In addition, 
(arrowheads in B and D). The control (A, C) shows
Bmp4 expression in the surface ectoderm covering the same area, as well as encroaching antero-superiorly onto the lateral border of the lateral nasal process (arrowheads in A and C). At E12 stage (E-H), the upper lip of the control mice (G) already forms a continuous border, while the lip of the Alk5/Nes-Cre mutant (H) has clearly not fused, with the lateral edge of the medial nasal processes visible (asterisk). Furthermore, Bmp4 expression is seen in whisker follicles in controls (E), and along the entire edges of both upper and lower lips in mutants (H, arrowheads). Fig. 3 -Shh expression is decreased in Alk5/Nes-Cre mutants at E10. Whole mount in situ hybridization showed that Alk5/ Nes-Cre mutants (B, D) displayed weaker expression levels over the maxillary and mandibular processes compared with controls (A, C). The difference at E11 was more subtle and most likely a reflection of the hypoplastic maxillary process seen in mutant embryos (F, H) and the mutants clearly show incomplete lip fusion on the left side (asterisk, H). While controls have completed lip fusion by E12 (I), mutants have incomplete fusion of the medial nasal process with both lateral nasal and maxillary process (asterisk, J). In addition, a punctate intense area of Shh expression (arrowhead, J) can be seen on the distal tip of the un-fused lateral nasal process.
the morphological difference between mutants and controls was significant (Fig. 4F and N) . It is therefore possible that Msx2 may play a role in Alk5-mediated upper lip development. In recent years, Wnt9b (Lan et al., 2006) and Tbx10 (Bush et al., 2004) have been suggested to have a role in lip fusion. These were found to be expressed normally by Alk5/Nes-Cre 
2.4.
Reduced contact between medial nasal process and maxillary process in Alk5/Nes-Cre mutants may account for cleft lip phenotype During analysis of ISH results of whole mount embryos, it was apparent that Alk5/Nes-Cre mutants have a fusion defect of the MNP, LNP and MAX (Figs. 2H and 3J) . The epithelial seam in normal lip fusion has been studied by others Lan et al., 2006) despite the fact that there is no general consensus on whether the critical seam lies between the MNP and MAX or MNP and LNP. One of the noticeable features of the Alk5/Nes-Cre mutants is the hypoplastic maxillary process. Similarly, chicks with noggin-induced cleft lip had a reduction in maxillary prominence size, secondary to a reduced proliferation rate (Ashique et al., 2002) . The authors concluded that failure of contact led to clefting. We therefore wanted to know whether or not the three facial processes ever came into contact to form an epithelial seam and if so, was the fusion defect caused by persistence of this seam? We studied embryos between E10 and E11 and determined that in controls there is a very obvious epithelial seam that forms between the MNP and MAX by E11. This is consistent with suggestions that successful fusion between these two processes are critical to normal upper lip fusion (Ohbayashi and Eto, 1986 ). In addition, we performed TUNEL assay to study apoptosis within this region and found extensive apoptosis precisely along this seam in control mice (Fig. 5C) .
Interestingly in the Alk5/Nes-Cre mutants, the shape of the medial nasal process differed from controls and the resultant area of contact i.e. epithelial seam, between the MNP and MAX was much smaller (Fig. 5A and B) . Furthermore, in sharp contrast with littermate controls, very little TUNEL-positive cells were found in the region. This finding is interesting since Ashique et al. suggest that blocking BMP signaling in the frontonasal mass mesenchyme led to ectopic Shh expression that enhanced epithelial survival, causing cleft lip (Ashique et al., 2002) . It is possible that decreased apoptosis in Alk5/Nes-Cre mutants is due to ectopic Shh expression we observed (Fig.  3J) . In addition an increased number of positively staining cells in the medial aspect of the MNP (Fig. 5D) were seen. These findings indicate that cleft lip in Alk5/Nes-Cre mutants may be caused by inadequate contact between the MNP and MAX, due to morphological differences, exacerbated by reduced apoptosis and seam persistence.
2.5.
Alk5/Nes-Cre mutants show increased cell death In maxillary processes
Next, we studied cell death in whole mount embryos at a stage prior to E10, which is the earliest time point that we could observe the hypoplastic maxillary processes. Reed summarized evidence that cleft lip is primarily due to the failure of the lateral and medial nasal prominences to fuse (Reed, 1933) . He hypothesized that this failure was likely due to a retarded growth rate of the maxillary prominences, which fail to exert needed pressure at the time. In addition, in facial morphometric studies of A/WySn mice, which are prone to cleft lip, deficient maxillary prominence depth was a noted feature (Diewert and Wang, 1992) .
The maxillary process begins to develop around E8.5-E9 in mice (Kaufman, 2001 ). The first pharyngeal arch develops two discrete structures, the maxillary process lies more rostral, with the mandibular process being more caudal (Kaufman, 2001; Abu-Issa et al., 2002) . To ensure accuracy, embryos were carefully staged by counting somites and those between 23 and 26 somitic pairs were included. We studied cell death in Alk5/Nes-Cre embryos using a fluorophore, Lysotracker Red, that fluoresces in necrotic and/or apoptotic cells (Zucker et al., 1999) . Within the craniofacial region, the most noticeable features were large arc-shaped regions of cell death bilaterally, corresponding to the medial edge of the maxillary processes in the Alk5/Nes-Cre mutant (Fig. 6B ). These were not seen in controls (Fig. 6A) . Because embryos were flattened by the coverslips, these two areas appear to be superimposed. In both controls and mutants, increased apoptosis was seen in the developing forebrain and developing somites (Fig. 6A-D) in a pattern consistent with whole mount TUNEL assay Soriano, 1997) . From these data, it is highly likely that the hypoplastic maxillary processes are a result of dramatic apoptosis occurring in this region around E9.5.
To conclude, Nes-Cre directed deletion of Tgf-b type I receptor Alk5 results in cleft lip. Our data demonstrate that reduced Tgf-b signaling results in hypoplasia of the maxillary processes, secondary to increased mesenchymal apoptosis during development. Consequently, the smaller maxillary process on either side of the face is unable to make adequate contact with the corresponding medial nasal process, leading to cleft lip. In addition, insufficient pressure is exerted on surrounding tissues, which induces apoptosis within the anterior aspect of the medial nasal process mesenchyme. We also established the ectodermal and mesenchymal pattern of Cre-induced recombination using Nes-Cre. Curiously, in addition to epithelial and mesenchymal Cre-induced recombination in the maxillary process, we also observed b-galactosidase staining within the epithelial lining of the nasal pits. Whether or not signals from the nasal epithelium in the mutant were responsible for increased mesenchymal cell death remains to be seen.
A role for Alk5 in upper lip fusion has not been previously described and prototypic ligands Tgf-b1, b2 and b3 are not known to contribute to upper lip formation. This is reinforced by the fact that none of the null mutants have a cleft lip phenotype (Kulkarni et al., 2002) . Nes-Cre-induced deletion of another Tgf-b superfamily member, Bmp4 results in isolated cleft lip (Liu et al., 2005) . It is possible that Alk5-mediated signaling is acting upstream of this Bmp4 pathway, resulting in cleft lip. In support of this, Bmp4 and Shh mRNA expression were reduced in the surface ectoderm covering the maxillary process, as reported in the Bmp4/ Nes-Cre mutants. Other key genes including Fgf8, p63 and Msx1 were normally expressed in Alk5/Nes-Cre mutants. It is also possible that convergence of Alk5-mediated Tgf-b signaling and Bmp signaling is required for normal lip fusion. Regardless, the role of Tgf-b signaling in upper lip formation is worthy of further exploration.
3.
Materials and methods
Generation of Alk5/Nes-Cre embryos
All studies were carried out at the Animal Care Facility of the Saban Research Institute, in accordance with national and institutional guidelines.
Mice carrying Alk5 flox and Alk5 ko alleles were PCR genotyped as described (Larsson et al., 2001 ) and crossed with Rosa26R (R26R) mice (purchased from the Jackson Labs (for detailed PCR genotyping, see http://www.jax.org)); The NesCre transgenic line (generous gift from G. Martin) directs Cre activity to the craniofacial region, as we report here, but is imprinted in somatic tissues when maternally inherited (Trumpp et al., 1999) . Therefore, the Nes-Cre transgene was derived from males in all animals used in this study as described (Liu et al., 2005) . All mice were maintained on mixed genetic backgrounds.
Histology and stainings
Tissues were fixed with 4% paraformaldehyde for 12 h, and paraffin sections were stained with hematoxylin-eosin. Em- bryos were stained for b-galactosidase activity as described (Hogan et al., 1994) . Briefly, the specimens were fixed in 4% paraformaldehyde for 30 min, washed in detergent wash for 45 min, and developed in the X-Gal solution, at 37°C, protected from light.
Whole mount in situ hybridization
Whole mount in situ hybridization (ISH) experiments were used to visualize the relevant expression patterns and carried out as described (Moorman et al., 2001; Hogan et al., 1994) . We used probes specific for Msx1 (Furuta et al., 1997) , Msx2 Shh (Echelard et al., 1993) Bmp4 (Ishii et al., 2005) , Fgf8 (Tanaka et al., 1992) , p63 (Laurikkala et al., 2006) , Wnt9b (Lan et al., 2006) and TBX10 (Bush et al., 2004) .
3.4.
Cell death
Whole mount cell death was performed in E9.5 embryos using Lysotracker Red (Molecular Probes) essentially as described (Zucker et al., 1999) with some modifications: sterile lactated ringers was substituted for Tyrode's buffer; 5 lM Lysotracker was used for 30 min, while shaking in a 12-well plate at 37°C, protected from light. Following staining, embryos were washed four times for a total of 1 h, using phosphate buffered saline (PBS) before fixing overnight in 4% paraformaldehyde. The next day, embryos were cleared using 1:2 benzyl alcohol:benzyl benzoate (BABB) as described by Zucker et al. (1999) . Following mounting on individual depressed glass slides, coverslips were applied and imaging was performed using a Leica stereoscope. This was repeated with three different litters, each containing at least two mutants with control littermates.
To detect apoptotic cells (green fluorescence) in paraffin sections we used DeadEnd Fluorometric TUNEL system (Promega) according to the manufacturers' protocol.
